Important commercial fisheries occur in the marine and estuarine waters of Upper Cook Inlet in south-central Alaska as adult Pacific salmon return to spawn in their natal rivers. The most valuable harvests occur on sockeye salmon (Oncorhynchus nerka (Walbaum)) runs to the Kenai, Kasilof, and other regional rivers. Fisheries management has been based on commercial catches, acoustic counts of the fish in the rivers, and run-timing models. However, when run sizes are too low for the fishery to operate, managers require alternative information. Acoustic techniques potentially provide a fishery-independent measure of run size. However, the near-surface orientation of these fish precludes a conventional down-looking acoustic approach. Side-looking transducer orientation achieved sufficient sample coverage to provide a viable assessment. Comparisons were made between side-looking assessments and ground truth information. The detection efficiency of the side-looking system was investigated as a function of sea state and bottom depth, and three surveys were conducted for comparison with abundance data from the fisheries. The results of the three surveys indicated that the acoustic techniques are a viable alternative to the traditional fisheries-based management approach.
Introduction
The harvest of salmon (Oncorhynchus spp.) in Upper Cook Inlet (UCI), Alaska ( Fig. 1) is regulated by the Alaska Department of Fish and Game (ADF&G) to allow a specific number of salmon to spawn. These spawning objectives are reached by varying commercial harvest areas and times. Management strategies are formulated based on data from the estimation of the commercial harvest, monitoring of spawning numbers, sampling of the harvest for age composition, and run reconstruction analysis (Ruesch and Fox, 1994) . The value of the UCI commercial fishery has exceeded 100 million dollars annually, and management error can have significant biological, social, and economic costs.
Upper Cook Inlet is over 250 km long and 64 km wide at its southern boundary. The entire area is characterized by extreme semi-diurnal tidal fluctuations of up to 11 m which produce current velocities in excess of 8 knots and expose extensive mud flats. Substantial freshwater inflow is received from five major glacial river systems: Susitna, Kenai, Kasilof, Matanuska, and Knik.
The combination of geographic and tidal features creates a complicated circulation pattern of gyres, shear zones, and mixing areas. Frontal zones occur where southward-flowing low-salinity water meets westward-intruding sea water.
ADF&G estimates the total run of salmon to UCI by a test fishing program at the southern boundary of the commercial harvest area where salmon first enter the management area. Test fish catches are used in combination with commercial harvest data to describe the salmon migration (Tarbox, 1994) . However, during periods closed to commercial fishing, ADF&G has no ability to estimate the number of salmon entering or in the fishing district. An alternative to commercial harvest data was therefore needed. Acoustic techniques potentially provide a fishery-independent measure of run size. However, surface orientation and concentration along frontal zones by migrating salmon presented a challenge to traditional acoustic approaches.
Preliminary investigation of survey procedures was conducted during July 1992 (Thorne and Salomone, 1993) . These included fixed-location up-looking, paravaned up-looking, and towed side-looking transducer orientations. Side-looking orientation gave the best detectability and was selected for the surveys. This paper presents the results of the implementation of side-looking acoustic surveys to estimate the adult salmon run in UCI.
Methods
A stratified random sampling design was selected following the recommendation of Jolly and Hampton (1990) . The total surface area of the survey, 3295 10 6 m 2 , was divided into three regions. Three to five orthogonal transects were randomly selected within each region. Transect lengths varied from 8.8-27.0 km. At the survey speed of about 3 m s 1 , each survey was completed within 48 h. Surveys were conducted starting on 14 July 1993 and 13 and 19 July 1994 (Fig. 1) .
The acoustic equipment consisted of a dual-frequency (120 and 420 kHz) dual-beam BioSonics Inc. Model 102 scientific echo-sounder, a Model 111 thermal chart recorder, a Model 171 tape-recording interface, a Sony Walkman digital audio tape recorder (DAT), and associated test equipment, cables, dual-beam transducers, and a towing vehicle. The acoustic system was hydrophone calibrated before and after the study following US Navy standards.
The two acoustic transducers were mounted on the towing vehicle in a side-looking mode (Thorne and Salomone, 1993) . The nominal narrow beam widths were 7 for the 120 kHz and 6 for the 420 kHz. Echogram range was 100 m, and the marking threshold corresponded to a 47 dB acoustic target strength.
Numbers of fish were counted from the echograms in 20 m range strata. The area swept by the sonar along each transect was calculated by multiplying each 20 m range strata by the length of the transect. Densities of fish per unit surface area were calculated for each 20 m range and for both frequencies from the echogram counts. Range strata were used to evaluate the detection characteristics as a function of range. The count from the range strata and frequency with the best detection characteristics, highest detection rates (Fig. 2) , was used for the population estimates.
Population estimates and variances were determined from the mean densities along each transect according to standard procedures for a stratified random sample (Scheaffer et al., 1986; Thompson, 1992) . Independent estimates of salmon in the fishing district were made using commercial harvest data and run reconstruction analysis.
Total district abundance was estimated by
Where DH and SH are the drift net and set gillnet harvest on the day following acoustic surveys, e d and e s are the average exploitation rates for the drift and set gillnet fisheries as reported in Mundy et al. (1993) , and E estimates entry of fish into the district between the acoustic survey and the fishery using methods reported in Tarbox (1994) .
Results and discussion
The numbers of fish detected per transect during the first survey (July 1993) ranged from 7 to 170, corresponding to a range of estimated densities of 0.4 to 3.6 fish ha 1 . The corresponding population estimate was 447 000 201 000 fish (Table 1 ). The numbers of fish detected along transects during the second survey (13 July 1994) ranged from 3 to 185, corresponding to a range of estimated densities of 0.1-3.8 fish ha 1 . The population estimate was 630 000 187 000 fish. The numbers of fish detected along transects during the third survey (19 July 1994) ranged from 5 to 103, corresponding to a range of estimated densities of 0.3-1.9 fish ha 1 . The population estimate was 300 000 100 000 fish.
Run reconstruction estimates were greater than acoustic survey estimates in all three cases. Run reconstruction estimates of the number of salmon in the district were 617 000, 1 220 000, and 733 000 for the three acoustic survey periods. The acoustic estimates for the three surveys were 73%, 52%, and 41% of the three run reconstruction estimates, respectively. These results suggested that the acoustic techniques detected only about half of the fish in the district. Run estimates are not without error. However, the drift gillnet fleet harvested in one neighboring 12 h fishing period nearly as many salmon as the acoustic estimate for survey 2 and more salmon than estimated for survey 3. These data suggested that the acoustic estimate was in error.
Useful management information could be obtained from acoustic estimates without 100% detection or absolute population estimates. At issue is the need for an index to substitute for commercial catch data. At detection rates of about 50% the acoustic estimate could replace the drift gillnet fleet harvest in the run reconstruction model (assumes average exploitation rate of 40%). However, the factors that affect acoustic detectability need to be understood.
The capability of the acoustic system to detect fish is affected by both range-dependent factors and range-independent factors. Range-dependent factors include winds that affect the smoothness of the water surface boundary, and reflections off the bottom from peripheral portions of the acoustic beam at shallower depths. Range-independent factors include echoes from frontal zones, kelp, and other non-fish objects.
Under perfect conditions, the number of fish that are detected should increase with range until the depth extent of the fish is encompassed. Based on the initial studies (Thorne and Salomone, 1993) , migrating adult salmon occupy the upper 12 m of the water column. This depth extent was covered at about 70 m range for the 120 kHz system and 80 m range for the 420 kHz.
Examination of the acoustic data shows that detections were limited by surface reverberation from moderate to rough water conditions at much shorter ranges. Under calm conditions, maximum detections were achieved as expected in the 60-80 m stratum (Fig. 2) . However, under moderate sea conditions (Beaufort sea states 3-4) detections increased rapidly over the first 30 m, improved slightly from 30-70 m, then rapidly declined. Under rough conditions (Beaufort sea states 5 and greater), detections did not improve after 30 m.
If detections in the 0-20 m range strata represent the true fish density, and fish distribution is uniform in the upper 12 m, then detections should increase in direct proportion to the range out to 80 m. Results suggest that the 120 kHz system during the 13 July 1994 survey detected about 35% of fish in the 20-40 m range strata, about 45% in the 40-60 m range strata, and about 52% in the 60-80 m strata. The population estimates were based principally on 120 kHz data from the 40-60 m and 60-80 m strata. This indication of detection efficiency is in agreement with the observed relationship between the acoustic estimates and those derived from the fishery, which suggest average detection efficiency slightly over 50%. Range-independent factors do not appear to be a major source of error in making the acoustic estimates. Kelp did return echoes that were often similar in magnitude to those from fish, but kelp was not widespread and could be visually noted. Fish and kelp were rarely in close proximity. Fish were clearly associated with frontal zones as were entrained air and debris that can either return echoes similar to fish or mask the presence of fish targets. However, fish appeared to be near these zones, but not actually in them, so separation appeared to be possible in most cases.
Most echoes appeared to represent individual fish. However, there were exceptions, particularly during the first and third surveys and in the southern region. Fish clearly became more dispersed as they moved north and as the season progressed. This was not unexpected, because pink salmon (O. gorbuscha (Walbaum)), which tend to travel in large schools, were not abundant in UCI during 1993 and 1994. In addition, sockeye salmon probably begin to disperse and move towards their natal rivers soon after entering the district (Tarbox, 1988) . The inability to survey adequately nearshore areas may also have affected the accuracy of acoustic estimates. For example, run reconsturction analysis indicated that 22% of the salmon population may have been in these areas during the 13 July 1994 survey. Within UCI a combination of relatively shallow water (<10 m) and extensive set gillnet gear fished nearshore limited transect lengths. In some areas these nets extend offshore over 3 km.
All fish detected during acoustic surveys were assumed to be adult salmon because few fish of other species appear to occur within the upper 12 m of the water column. Few non-salmon species have been reported from drift gillnets extending 10 m in depth. In addition, Tarbox (1988) conducted numerous seine hauls in UCI and reported no other species of fish captured except salmon in the surface waters. Although Moulton (1994) captured 18 fish species in the northern portion of UCI surface waters these fishes were predominantly juvenile herring and salmon which should be below the 47 dB detection threshold.
The objective of these studies was to determine whether acoustic surveys could provide a viable method with which to estimate UCI salmon abundance when commercial catch data were not available. The acoustic detection rate of about 50% is comparable to the commerical exploitation rate. The major factor in the detectability appears to be range-dependent factors. A useful management index should be obtainable from acoustic surveys by accounting for these factors.
